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Background Social disparities in obesity are often more marked among women than men, possibly due to social factors. Taking a life-history perspective, we hypothesized that childhood infections could be relevant via sex-specific effects of immune system activation on sexual development and, hence, body shape.
Methods
We used multivariable linear regression to assess the sex-specific, adjusted associations of 'childhood' pathogens [0 (n ¼ 1002), 1 (n ¼ 2199), 2 (n ¼ 3442) or 3 (n ¼ 4833) of HSV1, CMV and hepatitis A antibodies] and 'adult' pathogens [0 (n ¼ 5836), 1 (n ¼ 3018) or 52 (n ¼ 720) of HSV2, HHV8 and hepatitis B or C) with waisthip ratio (WHR) and body mass index (BMI) standard deviations (SDs) using NHANES III (1988-94). As validation, we assessed associations with height.
Results
'Childhood' pathogens were positively associated with WHR among women [0.18 SD, 95% confidence interval (95% CI) 0.04-0.32 for 3, compared with 0], but not men (À0.04 SD, 95% CI À0.15 to 0.08), adjusted for age, education, race/ethnicity, smoking and alcohol. Further adjustments for leg length barely changed the estimates. There were no such sex-specific associations for BMI or for adult pathogens. 'Childhood', but not 'adult', pathogens were negatively associated with height, adjusted for age, sex, education and race/ethnicity.
Introduction
Early life deprivation is more strongly related to central obesity among women than men in a variety of settings. 1, 2 Reasons for this disparity in a key metabolic attribute strongly related to diabetes and cardiovascular disease are largely thought to relate to sex-specific health behaviours and social norms. 1 these factors. 2 Moreover, this disadvantage among women, compared with men, is generally most marked in populations at the earlier stages of the epidemiological transition and least marked in long-term developed populations. 1, [3] [4] [5] Thus, a factor that becomes less important with economic development and the epidemiological transition could underlie this disparity. Apart from transition to a more energy-dense diet and sedentary lifestyle, the epidemiological transition also encompasses a reduction in exposure to infectious diseases through improved sanitation, regulatory frameworks and health-care interventions, such as vaccinations. Interest in the impact of infectious diseases on noncommunicable diseases or their risk factors has largely focused on precipitating exposure to infection, 6 or the potential long-term effects of direct organ-specific damage. 7, 8 There has been little consideration in humans of the long-term, developmental consequences over the life course of general exposure to infections. 9 A fundamental axiom of life-history evolution and ageing is that humans, like other animals, work with a limited resource base and are, therefore, forced to trade off certain life-history parameters, such as growth, reproduction and survivorship, against each other.
10 This understanding suggests that there could be a trade-off between a strategy, which promotes survival up to reproductive age at the expense of growth, maturation, metabolic health or reproductive success, [11] [12] [13] because survival to maturity with impaired reproductive potential could be a better strategy than juvenile death without offspring, possibly with different strategies for men and women, given their differing investments in reproduction. Until recently, one of the key components of early survival was resistance to infections, so it has been suggested that changes in exposure to infections may underlie some of the changes in patterns of chronic diseases with the epidemiological transition.
14 Investment in the immune system may necessitate a trade-off against many other characteristics, including the development of secondary sexual characteristics at puberty, i.e. a feminine body shape among women, but an android body shape among men, 15, 16 because the immune system interacts with the growth and function of the gonads (gonadotropic axis). 17 This would suggest that in environments where exposure to infections is common and socially patterned, there could be a modifiable, biological mechanism underlying the stronger social patterning of obesity among women than men. Moreover, this should be most marked for body shape and fat distribution, i.e. for central, rather than general obesity. In a large nationally representative study in the USA with data on antibodies to several infections, we investigated whether exposure to infections, especially during childhood, was specifically associated with central adiposity among women but not men.
Materials and Methods
Sources of data
The National Health and Nutrition Examination Survey (NHANES) III was conducted from 1988 to 1994, by the National Center for Health Statistics of the US Centers for Disease Control and Prevention (CDC). 18 NHANES III used complex, multi-stage, stratified, clustered samples of civilian, noninstitutionalized populations of age 52 months to collect information about the health of people residing in the USA. NHANES III was approved by the CDC Institutional Review Board and all participants provided written informed consent. During the survey period, 18 162 adults (aged 517 years) underwent physical examination and laboratory assessment, excluding breastfeeding or pregnant women. Body measurements were recorded by a trained examiner. Height was measured to the nearest 0.1 cm using a stadiometer and weight was measured to the nearest 0.01 kg using an electronic digital scale while the participant was wearing foam slippers and paper shirt and pants. Waist circumference was measured to the nearest 0.1 cm at the high point of the iliac crest at minimal respiration. Hip circumference was measured around the widest portion of the buttocks. NHANES III has accumulated a wide range of serology. 19 Serology testing for antibodies to cytomegalovirus (CMV), hepatitis A-E, human herpes virus 8 (HHV8), herpes simplex virus 1 (HSV1), herpes simplex virus 2 (HSV2), chickenpox, measles, diptheria, mumps and human papillomavirus virus-16 (HPV-16) has been carried out routinely or on random subsamples.
Exposures -pathogen burden
The immune system is well-known to interact with the gonadotropic axis; 17 however, there is limited evidence in humans as to exactly how it interacts. Evidence is much more extensive in birds. 20 It is not known whether total pathogen burden is important or whether there are some specific pathogens that particularly challenge the immune system with corresponding consequences. Given these uncertainties, we simply used a count of antibodies that were available for most of the participants, varied between participants and were typically childhood infections where vaccinations would not have been used for the NHANES III adult participants, [21] [22] [23] i.e. people born approximately before 1970. These were CMV, hepatitis A and HSV1, giving a 'childhood' pathogen burden of none, 1, 2 or 3. We did not use antibodies to chickenpox, measles, diptheria or mumps as these were so common, and there was little difference in exposure among participants.
To examine specificity, we also considered pathogen burden for infections which are usually sexually transmitted and so would less often occur in early life. These were hepatitis B or C, HHV8 and HSV2, giving an 'adult' pathogen burden of none, 1 or 52 antibodies as very few had antibodies to all. We did not include HPV-16, because it was available only for a minority of participants or hepatitis D, because it is typically a co-infection with hepatitis B. Finally, we did not include hepatitis E in the 'childhood' or 'adult' pathogen burden because it is unclear at what ages it is typically contracted.
Outcome measures
The primary outcome was waist-hip ratio (WHR), because this relates to body shape and fat distribution. The secondary outcome, as potentially an indicator of specificity, was body mass index (BMI) that is a general measure of adiposity rather than body shape or fat distribution. For ease of interpretability and comparability, WHR and BMI are presented in terms of sex-specific standard deviations (SDs). Finally, we used height as a validation outcome because childhood infections would be expected to impact growth, whereas adult infections would not.
Statistical analysis
Multivariable linear regression was used to assess the adjusted association of pathogen burden with the outcomes, from which we present adjusted beta () coefficients with 95% confidence intervals (CIs). For both childhood and adult pathogen burden, we used those with no relevant antibodies as the reference group. We examined whether pathogen burden had different associations with adiposity by sex from the heterogeneity of associations across strata and the significance of the relevant interaction term in a model, including interactions of sex with all other confounders. 24 Where there was evidence of differences by sex, we present sex-stratified analysis.
Potential confounders for the analysis of the association of pathogen burden with adiposity, included in Model 1, were age (5-year age groups), sex (if appropriate), socio-economic position, based on education and race/ethnicity, and smoking status and alcohol use because these might reflect habits established in early life; all these are categorized as in Table 1 . We did not include other aspects of current lifestyle or current socio-economic position, as these could not precede exposure to infections and cannot be confounders. However, we did include leg length as a potential confounder in a second model (Model 2), as a general marker of early living conditions. Potential confounders for the analysis of the validation outcome (height) were age (5-year age groups), sex and socio-economic position, based on education and race/ethnicity. All analysis took into account the complex survey design of NHANES III, by using the examined sample survey weights and correcting the standard errors for the sample design, and was carried out using SAS 9.2.
Results
Of the 18 162 adult participants in NHANES III, valid antibody information was available for 94% (17 076) for CMV, 91% for hepatitis A (16 601), hepatitis B (16 608) and hepatitis C (16 564), 84% for hepatitis E (15 238), 79% for HHV8 (14 323), 64% for HSV1 (11 534) and 63% for HSV2 (11 500), giving 63% (11 476) with data on 'childhood' pathogen burden and 53% (9574) with 'adult' pathogen burden. Participants lacked 'childhood' pathogen because of unavailability of HSV1, which was usually measured with HSV2. It has been previously reported that availability of HSV2 test results among NHANES III participants was similar by sex, race or ethnic group and education, although HSV2 test results were less likely to be available for older participants. 25 Adjusted for confounders, there was no difference in outcome for those with or without 'childhood' pathogen burden. Table 1 shows that 'childhood' pathogen burden was higher among women, older people, the less educated, Mexican Americans, never-drinkers and participants with shorter legs. 'Adult' pathogen burden was higher among women, the less educated, African Americans, ever-smokers, regular alcohol users and participants with longer legs. Table 2 shows the adjusted associations of pathogen burden with WHR and BMI. A high 'childhood' pathogen burden (the presence of three antibodies, compared with none) was positively associated with WHR among women with some evidence of a doseresponse pattern (P-value for trend 0.02), but there was no such association among men (P-value for trend 0.4), with evidence of different associations by sex. In contrast, 'childhood' pathogen burden was not associated with BMI (P-value for trend 0.7), with no evidence of different associations by sex. There was no evidence that 'adult' pathogen burden had different associations by sex with WHR or BMI. Considering men and women together, 'adult' pathogen burden was not associated with WHR (P-value for trend 0.1), but high adult pathogen burden (the presence of two or more antibodies compared with none) was negatively associated with BMI, although, there was no clear dose-response (P-value for trend 0.7). Additional adjustment for leg length (Model 2) made little difference. Table 3 shows that 'childhood' and 'adult' pathogen burden had the expected associations with the validation outcome, i.e. height. Higher 'childhood' pathogen burden was associated with shorter height, but adult pathogen burden was not associated with height. There was no evidence of differences by sex.
Discussion
Consistent with our hypothesis, we found that a greater burden of 'childhood' pathogens had sex-specific associations with central adiposity, but not general adiposity, such that 'childhood' pathogens were positively associated with WHR among women specifically, whereas 'childhood' pathogens were unrelated to BMI, with no differences by sex. Conversely, 'adult' pathogen burden was unrelated to WHR and was not clearly associated with BMI, with no differences by sex. Moreover, 'childhood' and 'adult' pathogens had the expected associations with height. 'Childhood' pathogens were negatively associated with height, but 'adult' pathogens were unrelated to height.
Although this is a large nationally representative study, there are caveats. First, antibodies were not measured for the whole sample. However, the sample selections for antibody testing were random, and availability of childhood pathogen burden was not associated with the measures of adiposity. Secondly, although hepatitis A, HSV1 and CMV may no longer be mainly childhood infections, they were so at the time the participants in NHANES III were growing up. [21] [22] [23] Moreover, 'childhood' pathogens were negatively associated with height, as would be expected. Any such imprecision in the exposure is likely to make the estimates conservative. Thirdly, due to data availability, we implemented this study, as a proof of concept, in a developed population where One (1) Two (2) Three ( there may be limited effects of childhood infections, which makes our findings more notable. Nevertheless, the effect sizes are fairly small, although we do not know whether that would be the case in other more relevant settings, such as developing countries. However, the level of exposure was high. Almost half of the participants had antibodies to all three 'childhood' infections. Fourthly, we cannot distinguish whether it is exposure to the selected childhood pathogens (HepA, HSV1 and CMV), which is potentially relevant or whether antibodies to these infections are a general marker of greater exposure to infections or of exposure to another specific infection, for which information was not available. We also cannot assess the role of infections for which exposure in this population is almost invariant, such as chickenpox or measles. However, our study does suggest that the timing of exposure to infections, i.e. in childhood, is relevant. To our knowledge, there are no other similar studies. Several other studies have examined whether some specific infections are associated with obesity, 26 but these have not generally considered whether the associations differed by sex. 26 Moreover, the studies are somewhat preliminary with mixed findings often in small 27, 28 or convenience samples, 29, 30 and do not consider central obesity specifically, or early infections separate from adult infections. Nevertheless, at an ecological level, our findings are consistent with higher levels of central obesity among women than men in settings where childhood infections are, most likely, endemic, such as many developing populations, [31] [32] [33] [34] or among those who have migrated from less to more developed locations. 35 There are several possible explanations for our findings. Poor fetal or infant growth conditions may result in greater vulnerability to both infections and central adiposity. Lighter-born infants are more susceptible to infections. In middle-income countries, poor growth is associated with susceptibility to infections, 36 although this is not evident in developed settings. 37 However, neither the fetal origins hypothesis, 38 nor the accelerated growth hypothesis 39 provide a mechanism for sex-specific effects on adiposity.
Women who have experienced poor childhood conditions and associated infections may be less sensitive as adults to social pressures and social norms concerning body size. However, it is not obvious why this effect should be specific to body shape. Adult body weight is undoubtedly modifiable; to what extent body shape is modifiable is less clear.
Alternatively, similar to many other observational studies, our findings could be the result of residual confounding, in this case by childhood socioeconomic position. However, our findings were specific to central adiposity and did not extend to general adiposity proxied by BMI, which suggests that our findings are not just the result of systematic differences by socio-economic position. Nevertheless, it is One (1) Two (2) Three (3) None (0) One ( possible that our findings are the result of some other processes related to poor early living condition, which makes specifically women more vulnerable to central but not general adiposity. Malnutrition and stress would be expected to suppress the gonadotropic axis, 40 with corresponding sex-specific effects on central, but not general adiposity, consistent with our observations. However, our findings were unchanged by adjustment for a general proxy of childhood conditions, such as leg length (Table 2) .
Infections delay puberty 41 and down-regulate the gonadotropic axis, either through reduction of sex-steroid production or possibly through regulation of sex-steroid receptors. 42, 43 Sex steroids at puberty determine the sexually dimorphic body shapes that emerge at puberty, including gynoid and android fat patterning, 15, 16 with possibly also a contribution from events during the other post-natal period of gonadotropic activity, i.e. the 'mini-puberty' of infancy. Nevertheless, to our knowledge, no one has previously considered whether specifically 'childhood' pathogen exposure might have sex-specific associations with central adiposity among women. Moreover, consistent with influences at or before puberty being the key exposure, there were no such associations for 'adult' pathogen burden.
From a public health perspective, this study suggests that some of the social disparities in central obesity between the sexes could be the result of exposure to infections. Although this study is preliminary, it generates the hypothesis that eliminating exposure to infections by public health measures might reduce vulnerability to central adiposity among women.
As such, the current vulnerability of women in many developing countries to central adiposity may be a transient, contextually specific, feature of early exposures, [31] [32] [33] [34] although the contribution of infections, if causal, remains to be quantified. However, if the underlying mechanism is suppression of the gonadotropic axis by infection, then there could be disbenefits. Specifically, elimination of childhood infections suppressing the gonadotropic axis could result in earlier puberty, more hormonally related cancers 44, 45 and possibly more autoimmune diseases, consistent with the observed association between earlier puberty and asthma, 46 as well as more premature ischaemic heart disease among men, 47 albeit with some protection against diabetes. 48 
Conclusion
Our findings, although preliminary, potentially shed new light on the development origins of adiposity by suggesting that early life exposure to infections could be a relevant, modifiable exposure, particularly among women. They also potentially provide an explanation for the vulnerability of particularly women in developing countries to adiposity. Public health measures to reduce exposure to infections may already be addressing this vulnerability, however, thorough investigation and understanding of the underlying biological mechanism are necessary to forestall any unintended consequences.
